Considering that animals maintain energy homeostasis in response to nutrient levels, experiments were done to elucidate the temporal effects of refeeding after fasting on gene expression profiles in the rat liver. Using DNA microarray technology, we first compared gene expression profiles in the livers of rats allowed to feed for 6 h after fasting for 18 h and those in 24-h fasting rats, and found that the expression levels of energy metabolism-related genes in the two groups were different. In addition, refeeding induced upregulation of the genes encoding immunoproteasome components. Finally, immunoblot analysis confirmed changes in protein levels, suggesting that refeeding after fasting enhanced immune function.
Metabolic pathways undergo dynamic changes in response to nutrient levels. This process is called energy homeostasis. Under conditions of adequate energy, excess energy is converted in part to glycogen, which is stored in the muscle and liver, and to fatty acids, which are stored as triacylglycerol in white adipose tissue. Energy shortages cause the body to shift from glucose to triacylglycerol as the source of fuel. The process of energy management is regulated by hormones, and gene expression changes occur in peripheral tissues. Although information is available regarding the temporal gene expression changes that occur between feeding and fasting, [1] [2] [3] [4] it is unclear how this shift arises. One reason for the lack of data is the difficulty in controlling the feeding behaviors of experimental animals. Hence, in these experiments we restricted the feeding of the rats, which made it possible to synchronize their feeding behavior to elucidate by DNA microarray analysis the temporal effects of refeeding after fasting on the gene expression profile in the liver.
In a previous study, representative feeding-state phenotypes, such as increasing blood glucose and insulin levels, were observed in rats allowed to feed for 6 h after fasting for 18 h. 5) In the present study, we analyzed how the gene expression profile shifts in the period from fasting to feeding. We report upregulation of genes for immnoproteasome which functions in the presentation of endogenous antigen peptides through MHC class I, 6) in the liver of rats refed for 6 h.
The experimental design followed a previous study, 5) with minor modifications. In brief, 6-week-old male Wistar rats were kept in a room maintained at 22 AE 1 C under a 12-h light-dark cycle (lights on at 8:00) and fed a commercial diet (Lab MR Breeder, Nosan Co., Yokohama, Japan) between 10:00 and 16:00 every day for 8 days. At 16:00 on day 8, the rats were divided into four groups (n ¼ 5 per group) based on similar body weights. On day 9, the rats in group 1 were refed the same diet at 15:00 (1hR), those in group 2 at 13:00 (3hR), and those in group 3 at 10:00 (6hR). The rats in group 4 were fasted for 24 h (24hF). All the animals drank water ad libitum. At 16:00 on day 9, each rat was anesthetized with pentobarbital, and blood samples were taken from the carotid artery. Immediately thereafter, a piece of the liver was excised and treated with RNAlater (Ambion, Austin, TX). To avoid the influence of circadian rhythm in the gene expression profiles, the time point for dissection was set at 16:00 in each group. All protocols for the animal experiments were approved by the Animal Use Committee of the Faculty of Agriculture at The University of Tokyo.
We monitored feeding behavior during the 6-h feeding period. The time course for food intake is shown in Supplemental Fig. S1 (see Biosci. Biotechnol. Biochem. Web site). The food intake for each group of rats peaked in the first hour (approximately 45%) of the 6-h refeeding, and was maintained at 10%. Based on the observed feeding behavior and the data from our previous study, we selected four time points for DNA microarray analysis.
Plasma insulin and glucose levels were measured as described previously. 5) We confirmed gradual increases in blood insulin and glucose levels as well as body weight with the fasting state as the baseline (Table 1) . The insulin levels continued to increase during the 6-h refeeding, whereas glucose levels reached a plateau within the first hour.
Total RNA from the liver samples was prepared, and DNA microarray analysis was performed as described previously.
5) The raw microarray data (CEL files) were y To whom correspondence should be addressed. Tel: +81-3-5841-1128; Fax: +81-3-5841-1127; E-mail: aynakai@mail.ecc.u-tokyo.ac.jp Abbreviations: DFW, distribution free weighted method; FDR, false discovery rate; GO, Gene Ontology; IFN-, interferon gamma; RP, rank products Biosci. Biotechnol. Biochem., 74 (6), [1320] [1321] [1322] [1323] 2010 Communication quantified by the distribution free weighted method (DFW), 7) using the statistical language R 8) and Bioconductor. 9) Hierarchical clustering analysis revealed that each time point formed a distinct cluster except for one sample in the 1hR group (Fig. 1) .
Next, we compared the gene expression profiles between the 24hF and 6hR groups. To identify differentially expressed genes, the rank products (RP) method 10) was applied to the DFW quantified data. A recent study reported that the RP method together with a DFW preprocessing algorithm is one of the best combinations to detect differentially expressed genes accurately. 11) Applying the significance of the false discovery rate (FDR) <0:05, we selected 1,460 upregulated and 1,390 downregulated genes from the 6-h refeeding experiment.
To identify over-represented Gene Ontology (GO) terms in the selected genes, we used the functional annotation tool of the Database for Annotation, Visualization, and Integrated Discovery (DAVID; http: //david.abcc.ncifcrf.gov/).
12) The significantly enriched GO terms for the gene sets that were upregulated by 6-h refeeding are summarized in Table 2 . As expected, these included GO terms related to energy metabolism such as glycolysis, the monocarboxylic acid metabolic process, and the cholesterol biosynthetic process in the upregulated data set (Table 2) . Moreover, genes related to fatty acid beta-oxidation and gluconeogenesis were also overrepresented in the downregulated data set (supplemental Table S1 , Biosci. Biotechnol. Biochem. Web site, and data not shown). These results indicate that our microarray data were biologically as well as statistically reliable.
In addition, we found significant changes in the expression of genes related to the ubiquitin-proteasomedependent proteolytic pathway, comprising the proteasomal protein catabolic process and the ubiquitindependent protein catabolic process. Interestingly, these GO terms included genes for many proteasomal components, as well as for the immunoproteasome. Within the immunoproteasome, constitutive catalytic proteasome subunits 1 (/Y), 2 (MC14/LMP9/Z), and 5 (MB1/X) are replaced by three interferon (IFN)--inducible homologs, 1i (LMP2), 2i (MECL-1), and 5i (LMP7). 13) Immunoblot analysis confirmed upregulation of these immunoproteasome components at the protein level ( Fig. 2A) . Serum IFN-levels were also measured using a Quantikine Ò Rat IFN-Immunoassay ELISA kit (R&D Systems, Minneapolis, MN). The rats fed ad libitum showed significantly higher levels of IFNin serum than the rats that fasted for 24 h after ad libitum eating (Fig. 2B) . In the 6hR and 24hF restricted feeding groups, the difference in serum IFN-levels was not significant, but the levels of serum IFN-tended to increase in the 6hR group (Fig. 2C) .
Taken together, these data suggest that refeeding after fasting led to upregulation of the immunoproteasome at both the mRNA and the protein level. Since previous studies have shown that fasting suppresses immune function, 14, 15) it is likely that serum IFN-levels and immunoproteasome gene expression transiently decreased in the fasted animals and were restored by refeeding. This is the first report to indicate that immunoproteasome gene expression changes in response to energy levels. The present study reports results comparing the 6hR and 24hF groups. To clarify how the metabolic pathway shifts during the fasting to feeding transition, additional studies will analyze the microarray data from groups with shorter time differences, such as 1hR and 3hR. Ã Significantly different at p < 0:05 (nonpaired Student's t-test).
